V ascular smooth muscle cells (SMCs) comprise the muscular layer of blood vessel walls and mediate arterial tone and blood pressure. These cells possess a remarkable plasticity that allows mature contractile myocytes to dedifferentiate, enabling vessel growth and repair. This unusual ability to dedifferentiate is especially important because SMC phenotypic modulation contributes to multiple cardiovascular pathologies, including atherosclerosis and restenosis postangioplasty. In response to growth factors released at sites of injury, such as platelet-derived growth factor (PDGF), mature SMC can re-enter the cell cycle, become migratory, and dedifferentiate to a synthetic phenotype capable of extensive extracellular matrix deposition for vascular repair.
V ascular smooth muscle cells (SMCs) comprise the muscular layer of blood vessel walls and mediate arterial tone and blood pressure. These cells possess a remarkable plasticity that allows mature contractile myocytes to dedifferentiate, enabling vessel growth and repair. This unusual ability to dedifferentiate is especially important because SMC phenotypic modulation contributes to multiple cardiovascular pathologies, including atherosclerosis and restenosis postangioplasty. In response to growth factors released at sites of injury, such as platelet-derived growth factor (PDGF), mature SMC can re-enter the cell cycle, become migratory, and dedifferentiate to a synthetic phenotype capable of extensive extracellular matrix deposition for vascular repair. 1 Much of the research on SMC phenotypic switching has focused on transcriptional regulation of the contractile (differentiated) versus synthetic (dedifferentiated) phenotype. The new study by Fei and Cui et al 2 in this issue makes the exciting discovery that RNA editing, leading to changes in mRNA splicing, is an important mechanism underlying SMC phenotypic switching.
Article, see p 463
Differentiated SMC express a repertoire of SM-specific contractile proteins that give the cells their characteristic myocyte morphology and contractile properties. These include SM α-actin (ACTA2) and SM-myosin heavy chain (MYH11). These proteins are downregulated during SMC dedifferentiation, which makes them a tangible biochemical readout of cellular differentiation status. 1 A substantial body of work has demonstrated that contractile protein induction occurs largely at the level of transcriptional control, mediated by core factors including the CArG element-binding protein serum response factor and cofactor myocardin. 3 However, early studies of cultured SMC suggested that post-transcriptional mechanisms may underlie the PDGF-induced downregulation of contractile proteins. Notably, Acta2 mRNA levels decreased after PDGF treatment at an even greater rate than with the transcriptional inhibitor actinomycin D, and nuclear run-on indicated that nascent Acta2 mRNA synthesis did not decrease with PDGF treatment. 4 Despite these initial observations, subsequent studies of contractile protein regulation in SMC have been largely at the transcriptional, and more recently, epigenetic levels. 5, 6 The new work by Fei and Cui et al 2 revisited the question of how contractile protein mRNAs are regulated when SMC dedifferentiate ( Figure) . Using a polymerase chain reaction approach, they found that nascent pre-mRNAs (unspliced transcripts detected using primers targeting introns) encoding Myh11 and Acta2 were sparse in mature, differentiated SMC isolated from healthy arteries, whereas the corresponding spliced, mature mRNAs (m-mRNA) were abundant. Conversely, PDGF-BB-induced dedifferentiation of cultured SMC was accompanied by a downregulation of these mmRNAs but a marked accumulation of the pre-mRNAs. The opposite trends were seen when SMC were induced to differentiate. Interestingly, cloning and sequencing of introns from Myh11 and Acta2 in dedifferentiated SMC revealed that the pre-mRNA transcripts had undergone RNA editing.
RNA editing typically targets regulatory regions of transcripts, such as introns or untranslated regions, while editing of coding sequences is less common. 7 RNA editing has been implicated in lupus, cancer, and neurological disorders, 8 but very little is known about RNA editing in cardiovascular diseases. One notable example is apolipoprotein B, a lowdensity lipoprotein component with a role in atherosclerosis. The 2 discrete apolipoprotein B isoforms are generated by tissue-specific cytosine (C) to uracil editing of a common precursor transcript. 9 In addition, a single-nucleotide polymorphism has been detected in the human RNA-editing enzyme ADARB2 that was associated with cardiometabolic risk factors, including waist circumference, triglycerides, body mass index, and adiponectin levels, although potential mechanisms or edited transcripts underlying these effects are not known. 10 As RNA editing in cardiovascular disease is a largely unexplored area, this study suggests an important new avenue for research.
Fei and Cui et al 2 identified adenosine deaminase acting on RNA 1 (ADAR1) as the PDGF-induced editase acting on Mhy11 and Acta2. ADAR1 is a double-stranded RNA-binding protein that post-transcriptionally substitutes inosine (I) for adenine (A), which alters RNA base pairing and subsequent secondary structure. 7 Because inosine mimics guanine (G) to pair with cytosine (forming I:C pairs), multiple A to I edits can increase the stability of the mRNA. Structure-based modeling predictions indeed reveal decreased free energy of individual edited introns, the effect of which may be amplified because of editing of multiple introns within a transcript. The authors suggest several mechanisms by which RNA editing may alter mRNA maturation in dedifferentiated SMC: (1) the altered I:C base pairing and enhanced stability may inhibit splicing,
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July 22, 2016 (2) editing generated mutations in binding sites for splicing factors (SRp55), and (3) editing shortened CA repeat regions that might also influence splicing. The relative contributions of these potential mechanisms remain to be determined. ADAR1 upregulation and RNA editing was observed in both rat and human SMC and in multiple introns of 2 different contractile genes, MYH11 and ACTA2. Importantly, this phenomenon was also observed in response to vascular injury in 2 different in vivo models. ADAR1 expression was induced and the pre-mRNAs for Myh11 and Acta2 were accumulated in rat carotid artery after balloon angioplasty, and the kinetics of this response were consistent with a role for RNA editing in mediating the contractile protein repression post injury. ADAR1 homozygous knockout is lethal, 7 but heterozygous deletion dramatically reduced neointimal hyperplasia in a mouse wire injury model, revealing a causal role for ADAR1 in phenotypic modulation in vivo. ADAR1 knockdown similarly promoted a contractile phenotype in cultured SMC. Although SMC express both ADAR1 and ADAR2, only ADAR1 was regulated by PDGF, and ADAR2 did not seem to compensate for ADAR1 loss of function. Additional evidence implicated the editing and splicing mechanism, as an editing-deficient ADAR1 mutant or the general splicing inhibitor isoginkgetin was unable to modulate contractile mRNA levels in SMC. Deciphering the signaling mechanisms by which ADAR1 is regulated by PDGF will be of interest, as will the question of whether there is a consensus motif that targets particular adenine for editing by ADAR1 in SMC mRNAs.
It is worth noting that the authors found no evidence for ADAR1-mediated editing in transcripts encoding other contractile proteins and genes that regulate SMC phenotype, including the transcriptional regulators serum response factor, myocardin, and Kruppel-like factor 4, suggesting that other mechanisms contribute to their regulation post injury or PDGF treatment. 2 Clearly, not all contractile protein mRNAs are regulated by editing, yet the phenotype of ADAR1 partial loss of function in vascular injury is dramatic. This suggests that this editing mechanism could potentially target additional genes that contribute to other aspects of SMC phenotypic switching, including proliferation, migration, and extracellular matrix deposition. miRNAs have also been implicated in regulation of SMC differentiation. 6 Because miRNA precursors can also undergo editing, 7 it will be of interest to determine whether miRNA editing might influence SMC phenotype. In the future, next-generation deep sequencing approaches could be used to reveal the full spectrum of edited transcripts in phenotypically modulated SMC.
This new work 2 implicates the novel mechanism of PDGF-induced RNA editing in SMC and importantly reveals that inhibition of ADAR1 activity may have therapeutic potential for restenosis and other pathologies of misregulated SMC phenotypic modulation, including atherosclerosis, aneurysm, pulmonary hypertension, transplant vasculopathy, hypertension, and others. Recent exciting studies have shown that SMC plasticity extends beyond the contractile to synthetic transition such that SMC can also transdifferentiate toward a macrophage-like phenotype that has implications for atherosclerotic plaque formation and stability. 11, 12 It will be of interest to determine whether inflammatory stimuli can also regulate RNA editing in SMC and whether this editing is involved in transdifferentiation as well. In addition, in vivo studies of an Acta2 promoter-reporter gene in a mouse model revealed that transcriptional mechanisms do contribute to ACTA2 downregulation post injury in vivo, 13 and KLF4 has been implicated as a key transcription factor that contributes to SMC phenotypic modulation. 12 It is likely that transcriptional and post-transcriptional mechanisms are coordinately Figure. ADAR1-mediated RNA editing is a new mechanism of contractile protein repression in smooth muscle cell (SMC) dedifferentiation. Platelet-derived growth factor (PDGF)-BB promotes expression of adenosine deaminase acting on RNA 1 (ADAR1), which edits intronic adenosine (A) to inosine (I) in the contractile protein transcripts Mhy11 and Acta2. Splicing of these edited transcripts is inhibited through multiple potential mechanisms, leading to a reduced synthesis of the contractile proteins that characterize differentiated SMC.
